Chilean soils degradation is a serious problem affecting directly the productivity of most of the crops. Some evidence indicates sewage sludge can improve soil physical properties, especially when combined with sawdust. The objective of this work was to evaluate the effect of different mixtures of sewage sludge (LU) and sawdust (RA) on water-stable aggregates and available water content of a degraded Alfisol cropped with hybrid ryegrass (Lolium × hybridum Hausskn.), under greenhouse conditions. The experimental design was a completely randomized with a factorial arrangement of 2 × 9 (ryegrass × rates of sludge and sawdust). Treatments were 25 and 50 Mg LU ha -1 mixed with 10, 25, and 50 Mg RA ha -1 . Ratio mixtures of LU/RA were set in pots with hybrid ryegrass. Soil available water content (AW), percentage of macroaggregates (MA) and water-stable aggregates (AWD) were evaluated. Ryegrass aboveground biomass was also measured. Mixtures of LU/RA amended to the soil increased MA and AWD, an effect that was most evident at 50 Mg ha -1 . The AW value was greater when LU was amended to 50 Mg ha -1 mixed with RA at doses of 10, 25, and 50 Mg ha -1
t is estimated that 46% of Chilean territory, over 34 million hectares, presents some degradation problem (Pérez y González, 2001) . About 2 million hectares of Alfisols located between 32° and 38° S lat have a high degree of water erosion, mainly due to aggressive agricultural practices, with total loss of the horizon A and an important part of horizon B (Sandoval et al., 2011) . Degraded soils have poor aeration, low water retention, low biological activity, and low fertility, impacting strongly on root's growth (Traoré et al., 2000) . This adversely affects crop yields due to alterations of physical, chemical and biological properties of soil (Ferrer and López, 2004) . However, the addition of large amounts of organic matter (OM) can effectively improve physical properties of a degraded soil (Lamey and Janzen, 1996) . Organic matter is vital for developing macroaggregates, which are required to provide a good porous system, especially needed to allow water seeping into soil, thus obtaining a better aeration and water retention (Ellies, 2004) .
Local studies have proved that organic materials can improve physical, chemical and biological properties of Alfisols due to its high OM content (Sandoval et al., 2011; Celis et al., 2011a; 2011b) . Nationwide, around 300 t d -1 of dry sewage sludge is currently produced at wastewater plants . Therefore, it is necessary to seek alternatives that allow re-using these wastes due to the serious environmental problem that can be generated. Soil degradation can be reversed through the process of formation of macroaggregates (Bayhan et al., 2005) . Biota and organic products contribute to the development of soil structure (Chan et al., 2003) , which has a key role in any soil system and biota sustained processes on the soil, and can be quantified through the stability of soil aggregates (Bronick and Lal, 2005; Sandoval-Estrada et al., 2008) . Aggregate stability is an indicator of the soil structure, resulting from the arrangement of particles, flocculation and cementation (Six et al., 2000) . The contribution of OM and increased aggregate stability can reduce the soil tendency to compaction and increase soil resistance to deformation because degradation is largely controlled by the presence and abundance of macroaggregates stable in water (Bayhan et al., 2005) . The presence of glomalin, which is a glycoprotein produced by arbuscular mycorrhizal fungi, is an important agent involved in the stabilization of aggregates (Borie et al., 2000; Curaqueo et al., 2010) .
While sewage sludge provide beneficial properties to soil, one of the limitations when amended to soil is the concentration of trace elements and biological contaminants that could be harmful to human health (Castro et al., 2007) and crop development (Zapata et al., 2005) . One study stated that sewage sludge applied at 40 Mg ha -1 for 3 yr showed no biological contamination and showed no translocation of trace elements into the aerial parts of crops as oats, wheat, corn, and tomato (Tapia, 2005) . Bioassays of phytotoxicity performed in degraded Alfisols and Entisols have shown that up to 100 Mg ha -1 of sewage sludge did not affect germination of lettuce, even encouraging the development of aboveground biomass of annual ryegrass . In Chile environmental regulations state that sewage sludge must be amended to soils at maximum dose of 90 Mg ha -1 (DS 4, 2009) , depending on the initial amount of heavy metals and physico-chemical conditions of the soil. Moreover, the Department of Agriculture subsidizes different activities that can be applied on degraded soils such as the application of liming amendment and the establishment of grassland or no-till, but does not fund the use of sewage sludge (Sandoval-Estrada et al., 2010) . Biosolids can be applied as amendments in combination with materials such as sand or sawdust (Civeira and Lavado, 2006) . Sawdust tends to favor water retention in heavy textured soils and contributes to the dynamics of nutrients elements and exchangeable bases (Grez y Gerding, 1995) . Sawdust mixed with organic waste can improve physical, chemical, and nutritional properties of soils (Valenzuela and Andrade, 2002) . A study showed that sawdust can improve the physical characteristics of pig slurry (Varnero et al., 2007) . However, in Chile there are no studies showing that the amendments with sewage sludge mixed with sawdust in degraded Alfisol increases macroaggregates and soil available water content.
Consequently, the aim of this study was to assess the effect of the contributions of different doses of amended sewage sludge mixed with sawdust on the formation of soil aggregates, the stability of macroaggregates and available water content of a degraded Alfisol and cropped with hybrid ryegrass.
MATERIALS AND METHODS

Soils, sludge and sawdust
Soil samples were taken between 0-20 cm deep in an area near Chillán (36º37' S, 72º19' W), Bío-Bío Region, Chile. These soils correspond to a fine, kaolinitic, thermic Ultic Palexeralfs, commonly clayey texture, granite, low water infiltration into the profile, low vegetation, and topography of rolling hills, slopes generally > 15%, and a bulk density of 1.6 g cm -3 (Stolpe, 2006) . Sewage sludge (LU) used in this study came from the wastewater plant located in city of Chillán (36º36' S, 72º07' W). This material is defined as sludge class B, suitable for beneficial application to soil and low microbiological concentration (Henríquez, 2005) . Sawdust (RA) used in the amendment was from untreated pine wood (Pinus radiata D. Don), obtained from the local sawmill industries.
Chemical characterization of soil and biosolids
Soil and biosolids samples were dried at room temperature and sieved to 2 mm. Chemical analyses were performed in laboratories of the Facultad de Agronomía, Universidad de Concepción, Chillán. The chemical characterization of soils was performed using the methodology proposed by Sadsawka et al. (2006) , whereas for LU and RA methods proposed by Sadsawka et al. (2005) were used. Table 1 shows the results of the initial chemical analysis of soil and LU, and Table 2 for RA. The analysis to determine the concentration of heavy metals in LU was conducted in laboratory (accredited ISO 17025) at EULA-Chile of the Universidad de Concepción. The values of the analysis showed levels below to those required by the national environmental regulations (DS 4, 2009 ).
Establishment of assay and treatments
The trial was performed in pots under greenhouse conditions at Faculty of Agronomy of the University of Concepción. Samples of soil, sludge, and sawdust were sieved to 2 mm. Homogeneous mixtures were made of 1 kg of soil with different doses of the LU/RA amendment according to the treatment. These prepared mixtures were placed in pots and distilled water was added to achieve 70% field capacity, and then covered with a polythene bag and incubated for 30 d at 25 ± 2°C. Subsequently, the soil was seeded with hybrid ryegrass (Lolium × hybridum The pots were maintained at 20 ± 2 °C and wetted to keep soil at 70% of field capacity. The ryegrass was cut four times during the 6-mo experiment period (2 cm residual height). Soil macroaggregates (MA), waterstable aggregates (AWG), available soil water content (AW), and aboveground biomass of L. × hybridum were evaluated.
Aggregate distribution and stability
The soil of each pot was dried at room temperature (20 ± 2 °C); soil samples were taken and dried in an oven at 40 °C for 24 h (Le Bissonnais, 1996) , and passed through a 4 mm sieve. Then 100 g of each sample were transferred to a set of sieves, from larger to smaller: 2.0, 1.0, 0.5, 0.25, and 0.05 mm (diameter). The sieves were immersed 15 min in water and shaken at 25 cycles min -1 (Yoder, 1936) . Since this soil has a high amount of quartz gravel, it was necessary to discount the sand and gravel fraction of each sample, following the method proposed by SandovalEstrada et al. (2010) . For this, the content of aggregates on each sieve was placed in a 50 mL jar, and then added 0.5 N NaOH for 24 h. The sample was mechanically shaken for 2 min at 15 000 cycles min -1 , to disintegrate the aggregates into basic particles. Then these particles were passed by a constant flow of water through a 0.05 mm sieve. Once separated, the sand fraction was dried at 105 °C for 24 h; it was deducted from the original mass of aggregates obtained by sieving. Thus, macroaggegates (MA) were calculated as the percentage of all those particles ≥ 0.25 mm (Oades and Waters, 1991) . Waterstability of MA was determined using AWD parameter, suggested by Kemper and Rosenau (1986) .
Soil available water content
The samples from the pots were air dried and sieved to 2 mm, then taken to laboratory for examination. We used the method described by Klute (1986) , which consisted on placing 25 g of soil for each treatment in rubber rings, which were placed on ceramic plates and placed in a pressure chamber. Subsequently, they were soaked in water for 24 h by capillary action. After this period, they were pressured at 3.3 MPa and 148.5 MPa, corresponding to field capacity (CC) and permanent wilting point (PMP), respectively. The difference between CC and PMP expressed the soil available water content (AW). The value of AW is the amount of water useful and available into soil ready to be used by plants.
Experimental design
The experimental design was completely randomized with a factorial arrangement of 2 × 9 (ryegrass × rates of sludge and sawdust application). The results (three replicates per treatment) were analyzed using the ANOVA (p ≤ 0.05). Significant differences of means values between treatments were performed by Tukey's test. Values were transformed with the expression (x + 0.5) 0.5 to enter data to the program SAS 8.1 for Windows (SAS Institute, Cary, North Carolina, USA).
RESULTS AND DISCUSSION
Aggregate distribution and macroaggregates stability
The results of ANOVA (Table 3) showed responses (p ≤ 0.05) for both MA and AWD. There was no interaction between factors (A × B), because they were analyzed in two groups: treatments with and without ryegrass at different doses of LU and RA.
Among treatments without ryegrass, LU25/RA10, LU50/RA25, and LU50/RA50 amendments significantly increased the formation of MA as compared to FI ( (Guerrero et al., 2001) . The OM acts as a cementing agent in the process of aggregation (Bronick and Lal, 2005) , agglutinating particles and increasing stability of macroaggregates (Six et al., 2000) . A trend was noted as amended treatments with ryegrass showed higher values for macroaggregates and water-stability aggregates. The reason is because both parameters are strongly improved by roots and OM (Carter, 2004) . The presence of roots increased soil aggregation in almost all treatments. This effect is reinforced by high OM content when organic residues are amended, thus improving physical properties of the soils (Ellies, 2004) . On the other hand, exudates and cementing agents released by roots and microorganisms, such as fungi and some bacteria, improve stability of macroaggregates (Schreiner and Bethlenfalvay, 1995) .
The results show that sewage sludge with sawdust increased macroaggregates and macroaggregate stability compared to inorganic fertilizer. These results are in agreement with Sandoval-Estrada et al. (2010) , who reported similar responses in Entisols and Alfisols amended with sewage sludge and salmon wastes. Other studies have reported improvements in the structure of degraded soils that were amended with different biosolids mixed with inert materials (Civeira and Lavado, 2006) . The OM has a key role in the formation and stability of macroaggregates (Tisdall and Oades, 1982) , and protects soil against soil erosion (Roldán et al., 1996) . Additionally, the contribution of MO is a primary source of microbial biomass C and soil fungus (García-Oliva et al., 2004) , important agents in the formation of the structure (Curaqueo et al., 2010) .
The highest values of aboveground biomass (Table 5 ) corresponded to treatment with higher doses of LU and RA (LU50/RA50-P and LU50/RA25-P). In contrast, the FI-P treatment showed the lowest biomass production. This clearly shows the importance of adding OM and also nutrients to a degraded soil by adding biosolids. Organic matter is important for creating favorable conditions for plant growth (Ferrer and López, 2004) . The use of sludge allows adding valuable nutritional compounds for plants, such as P, N, and K (Zufiaurre et al., 1998) . A greater aboveground biomass can avoid nitrate leaching, thus diminishing any risk for groundwater contamination . Table 6 shows differences (p ≤ 0.05) for AW among treatments, so indicating that the presence of ryegrass (A) and amendments LU/RA (B) had positive effects on both CC and PMP. There was interaction (p ≤ 0.05) between factors A and B, so the data were evaluated together for treatments with and without ryegrass.
Soil available water content
According to Table 7 , treatments with sewage sludge and sawdust mixed at different rates showed higher available water content (6.31 against 5.74) when added to soil in the presence of hybrid ryegrass. This is so due mainly to increased OM at highest doses of LU along with roots, thus favoring macroaggregates and available water content (Oades and Waters, 1991;  FI-P 18.4c LU25-P 42.9 LU25/RA10-P 45.6ab LU25/RA25-P 35.9b LU25/RA50-P 40.4b LU50-P 48.2ab LU50/RA10-P 47.2ab LU50/RA25-P 56.6a LU50/RA50-P 55.8a CV, % 9.8 Variation source CC AW Bronick and Lal, 2005) . The highest LU dose (50 Mg ha -1 ) resulted in highest AW, especially when LU was mixed with RA at different doses (10, 25, and 50 Mg ha -1 ). LU/RA at highest dose (50 Mg ha -1 each) increased AW about 39% when compared to FI-P, which means that OM improved AW. Even RA has a high C/N ratio, when mixed with LU (which has a low C/N), produced a balanced amendment thus increasing AW. Some studies have shown an increase in water retention due to the addition of sawdust in sandy soils, and increased soil nutrient level (Grez y Gerding, 1995) . According to Bauer and Black (1994) , when OM increased also did AW in sandy textured soils. Similar results have been found in Inceptisols (Ferrer and López, 2004) . Finally, it is very interesting that such organic residues increased AW after being amended to soil, especially if Alfisols tested in this study are an important resource of drylands, characterized for low precipitations during most of the year.
CONCLUSIONS
Sewage sludge combined with sawdust and then amended to soil, increased macroaggregates and also their stability, effect which was more significant at the highest dose tested for both organic residues. There was greater plant available water content when soil was amended with sewage sludge combined with any of the dose of sawdust studied. Ryegrass aboveground biomass increased directly with increasing doses of sewage sludge and sawdust in the mix. The positive effects on the macroaggregation, water-stable aggregates and available water content were especially noted when sewage sludge and sawdust were mixed and so added to soil, in the presence of Lolium × hybridum.
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Efectos de lodos urbanos y aserrín en asociación con ballica (Lolium × hybrydum Hausskn.) sobre los microagregados y contenido de agua del suelo. La degradación de los suelos chilenos es un serio problema que afecta directamente la productividad de la mayoría de los cultivos. Los lodos urbanos pueden mejorar las propiedades físicas del suelo, sobre todo si van acompañadas con aserrín. El objetivo fue evaluar el efecto de distintas mezclas de lodo urbano (LU) y aserrín (RA) sobre los agregados estables al agua y el contenido de agua disponible en un Alfisol degradado y cultivado con ballica híbrida (Lolium × hybridum Hausskn.), bajo invernadero. El diseño experimental fue completamente al azar con un arreglo factorial 2 × 9 (ballica híbrida × dosis de lodo y aserrín). Los tratamientos fueron: 25 y 50 Mg ha -1 de LU en mezcla con 10, 25 y 50 Mg ha -1 de RA. Las mezclas LU/RA se enmendaron en macetas con ballica híbrida. Se evaluó el contenido de agua disponible (AW), el porcentaje de macroagregados (MA) y la estabilidad de los macroagregados al agua (AWD). También se midió la producción de fitomasa aérea. Las mezclas de LU/ RA enmendadas al suelo aumentaron los MA y el AWD, efecto que fue más evidente a 50 Mg ha -1 . El valor de AW fue mayor cuando se enmendó 50 Mg LU ha -1 en mezcla con RA a dosis de 10, 25 y 50 Mg ha -1 . Hubo mayor biomasa aérea de ballica híbrida, en directa relación con el incremento de las dosis de LU y RA en las mezclas. La adición de LU y RA en mezclas combinadas al suelo mejoraron los parámetros físicos evaluados, especialmente en presencia de ballica híbrida.
Palabras clave: agregación del suelo, biosólidos, remediación, residuos orgánicos.
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